between population 1 and population 2 at site ‫ݔ‬ and ݀ is the genetic distance between site x and site y; 1 8 ܿ ሺ ሻ is a natural admixture indicator whose positive value means that admxiture happend at l generations 1 9 ago: 2 0 
And the estimators for the weighted LD statistic for admixed population and source populations are given 5 by Loh P. R. et. al (Loh et al. 2013 can be used for eliminating the bias: 1), divide the target population into two groups, one group is used 1 0 for calculating the allele frequency difference, while the other group is used for calculating the LD 1 1 (Moorjani et al. 2011) ; 2), employ the unbiased statistics (Loh et al. 2013) . In this study, we used the 1 2 second method to correct the bias in the SLD estimation. Besides，‫ܨ‬ሺ݀ሻ can be independently estimated 1 3
Here, we separated ‫ܨ‬ ሺ ݀ ሻ from the coefficients of polynomial functions to avoid the possible effect to the 1 5 process of polynomial fitting. 1 6 7 Based on formula of weighted LD statistic in the admixed population (Eq 2 ), admixture events are 1 recorded in the polynomial function increase the computational efficiency (Loh et al. 2013) . After that, the p-spectrum was constructed on a 2 5 8 time set ranging from 0 to 2000 generations accordingly. In the spectrum of ܽ ሺ ݀ ሻ , we found three 1 bunches of signals: two sharp bunches appeared around 100 and 1,250 generations and one flat bulb lay 2 around 180 generations ( Figure 2 
which can be estimated with the simulated admixed population and derived source populations by 1 0
Eq 3
In the p-spectrum of ‫ݖ‬ ሺ ݀ ሻ , the relative strength of noise-like signals outside the bunch of signals around 1 1 100 generation become much weaker than that in the p-spectrum of ܽ ሺ ݀ ሻ ( Figure S4 ). 
can be calculated so as its p-spectrum
1
Next, we are going to date admixture and evaluate the existence for each wave of admixture with a 2 2
Jackknife-based method. Suppose we have 22 autosomes for the target admixed population, and each 2 3 chromosome is excluded one at each time to calculate decay curve of ‫ݖ‬ ሺ ݀ ሻ (Loh et al. 2013 
Meanwhile, we used the minimum p-value on each time point in that group to measure the 9 significance for each wave of admixture. In this way, we could date multiple-wave admixture and 1 0 measure the significance of each wave of admixture. This method has been implemented in admixture and estimate the time for each wave of admixture. And they used the LD whose pairwise 1 9
genetic distance is longer than 0.5 centiMorgans (cM), which was supposed to reduce the effect of SLD. 2 0
Meanwhile, they also claimed that their algorithm was not very powerful in detecting multiple admixture 2 1 (Loh et al. 2013; Pickrell et al. 2014) . Under our framework of weighted LD (Eq 2 ), we confirmed that 2 2 ܿ ሺ ሻ is an admixture determined constant that it is independent to the selection of reference populations; 2 3 ; we also noticed that the effect of SLD 2 reduction with starting distance was also not evaluated in Pickrell et. al's work, which may be the reason 3 that their method is not so powerful in detecting multiple admixture. To verify our conjecture, we 4 constructed the summary p-spectrum for weighted LD decay curves on a simulated admixed population 5 with different pairs of reference populations. 6
A 100-generation-old admixed population was generated under HI model, with YRI and CEU as 7 source populations of admixture proportion 0.5:0.5. Total 55 pairs of HapMap populations (YRI, LWK, 8 MKK, ASW, CEU, TSI, MXL, CHB, CHD, GIH, JPT) were used as references to calculate weighted LD 9 ܽ ሺ ݀ ሻ for further p-spectrum construction. In the summary, p-spectrum with full weighted LD decay 1 0 ( Figure 3A ) for nearly all pairs of reference populations arose three main peaks around 100, 180 and 1250 1 1 generations. In the p-spectrum with weighted LD decay began at 0.5 cM ( Figure 3B ), the peak around 180 1 2 and 1250 generations disappeared but a new peak around 120 generations arose, which was probably the 1 3
remaining SLD and it may bias the time estimation of admixture. The remaining SLD should be the 1 4
reason why ALDER did not work well for multiple admixture. Meanwhile, we also observed that 1 5
weighted LD decay with the pairs of reference populations close to the true source populations would 1 6
have similar p-spectrum to what we want to reveal (Figure 3 ), which indicated us to use populations not 1 7
the exact but similar to the source populations as references to construct the p-spectrum. This observation 1 8
also supported that using proper reference populations could increase the accuracy of ALDER in 1 9
resolving weighted LD decay. 2 0
Evaluation of iMAAPs 2 1
In our p-spectrum based method iMAAPs, we used reference populations to estimate SLD and ‫ܨ‬ ሺ ݀ ሻ , and 2 2 separated their effect from the weighted LD of admixed population. Thus, we could directly estimate the 2 3 admixture determined parameters ܿ ሺ ሻ and the time and the waves of admixture. A workable method in 2 4 empirical admixture analysis should be robust to the proxy source populations. We have observed the 2 5 robustness of p-spectrum to different pairs of reference populations, so we will evaluate the performance 2 6 of iMAAPs to different reference pairs. Here, with the simulated 100-generation-old African-European 2 7 admixed population, generated by YRI and CEU, we showed that iMAAPs is very robust with African-2 8
European pairs (YRI, CEU; LWK, CEU; MKK, CEU; LWK, TSI; YRI, TSI; MKK, TSI) as reference 2 9 populations to infer the admixture time (Table S4) . 3 0
We also tested our method under various admixture model, iMAAPs is able to reconstruct the history 3 1 of the admixture population well. For the one-pulse and two-pulse admixture models, iMAAPs gave the 3 2 1 1 time close to the true admixture; for the continuous migration models, it was able to place most of the 1 signals in a particular migration time window (Figure 4 , Figure S5 -13). 2
Empirical analysis 3
The current method was first applied to a few well-known admixed populations from available public 4 databases: HGDP (Rosenberg et al. 2002) and HapMap Project phase III (The International HapMap 5
Consortium 2010). Our method is currently designed under the framework of two-way admixture and 6 source populations or the populations similar to which are required in empirical analysis. Besides, two 7 principles should be considered for interpretation: 8
(1) Existence of estimations for longer than 500 generations indicates the SLD has not been well 9
removed so that some of the admixture signals, especially for ancient ones, are probably generated by the 1 0 SLD instead of the admixture. 1 1
(2) Existence of estimations close to generation 1 is always considered as the result of the population 1 2 substructure but not the admixture. 1 3
Based on these principles, we first analyzed three well-known admixed populations: African 1 4
American (57 ASW individuals from HapMap), Mexican (86 MXL individuals from HapMap) and Uygur 1 5
(10 Uygur individuals from HGDP). We also used ALDER to analyze these admixed populations ( Table  1  6 S5). For each admixed population, we conducted three rounds of estimations. In the first round, we used 1 7
all the populations in the full data set as the references to infer the admixture; in the second round, we 1 8
used population pairs with the highest amplitude for each wave of admixture in the first round as the 1 9
reference populations to re-run ALDER; in the last round, we selected populations according to the 2 0 admixture pattern based on the population inference in the first round. That is to say, if CEU and YRI are 2 1 inferred as the best pair of populations to explain the admixture, then we selected all populations that 2 2 could represent European ancestries and African ancestries as reference populations in the third run of 2 3 ALDER, which we believed would increase the estimation accuracy.
4
In our analysis with iMAAPs, reference populations were selected based on the results of ALDER's 2 5
inference on each wave of admixture. CEU (n = 113) and YRI (n = 147) were chosen as the ancestral 2 6
populations of ASW. YRI (n = 147), TSI (n = 102) and American Indian (7 Colombians, 14 Karitiana, 21 2 7
Maya, 14 Pimas and 8 Suruis from HGDP) were used as the ancestral populations of MXL. Basque (n = 2 8 24), Sardinian (n = 28), Japanese ( n = 28), Han (n = 34) and French (n = 28) were used as the ancestral 2 9
populations of Uygur. 3 0 1 2
The estimation of admixture time for ASW is 5.4+/-0.4 generations ago and the SLD has been well 1 reduced with YRI and CEU as reference populations (Table 1, Figure S15 ). In the meantime, ALDER 2
gives us two different results: 12.0+/-4.4 generations with all populations in HapMap as references; 6.3+/-3 3.3 and 77.0+/-65.9 generations with selected reference populations from HapMap (Table S4 ). In this 4 estimation of ALDER, generation 6.3 is very close to our result, which can be interpreted as the 5 admixture time of the population ASW. And the result on generation 77.0 reflects the failure of SLD 6 reduction with starting distance of 0.5 cM. 7 MXL seems to have experienced the main admixture of 7.0+/-0.2 generations ago with TSI and 8
American Indian as reference populations; 8.2+/-0.4 generations ago with YRI and American Indian as 9 reference populations (Table 1 ). More admixture time points would be detected using the mean to 1 0 construct summary p-spectrum (Table S5) , which needs to be confirmed by further studies. 1 1
The Uygur population has been reported to have much longer admixture history than ASW and MXL 1 2 (Xu and Jin 2008; Xu et al. 2008; Qin et al. 2015) . The admixture is resolved at 33.3+/-0.5 generations 1 3
ago with Han and French as reference populations. This admixture event has also been detected with 1 4
Basque, Han, Sardinian and Japanese as reference populations, suggesting that the major admixture 1 5
formatting ALD in the present population happened around 825 years ago. 1 6
Loh et al. speculated that there could have been multiple waves of admixture in the history of MKK 1 7 (Loh et al. 2013) . Here, both our method and ALDER detected at least two waves of admixture (Table 1,  1  8  Table S4 , and Figure S15 ). We used reference pair of YRI and CEU and pair of YRI and TSI to resolve 1 9
the admixture of the MKK. With YRI and CEU as references, admixtures around 16.2 and 68.4 2 0 generations ago were detected; with YRI and TSI as references, admixtures around 17.9 and 70.3 2 1 generations ago were detected. However, both detections have estimations longer than 500 generations 2 2 ago, indicating that we need to take care of SLD when interpreting the time of admixture. 2 3
Discussion

4
Available methods based ALD for admixture dating have shown their robustness in dealing with 2 5 genotype data (Loh et al. 2013 ) and complicated admixture history (Pickrell et al. 2014 ). However, the 2 6 effect of SLD in these methods has not been well defined and efficiently reduced, which may bias the 2 7 estimation. In this study, we defined the SLD in the weighted LD statistic of the target admixed 2 8 population under two-way admixture model, and introduced the p-spectrum to study the weighted LD 2 9
decay for both source populations and admixed population. We found that SLD pretends to have higher 3 0 degree of p-spectrum than the LD introduced by recent admixture and using starting distance can partly 3 1 reduce the effect of SLD (Figure 3 ). We also found that SLD can be well compensated by the LD of 3 2 1 3 source populations ( Figure S5 -S13), which motivated us to develop a new method iMAAPs to infer 1 multiple wave admixture. In this method, we used reference populations to estimate the SLD and then 2 reduced its effect and gave the accurate estimation. 3
We applied both iMAAPs and ALDER to date several well-known admixed populations. When 4 running ALDER, we conducted estimation in three rounds with different sets of reference populations. 5
Based on the ALDER's assumption of the effect of different pairs of reference populations on weighted 6 LD, time estimations in these three rounds should be much close to each other. However, for the 7 population of ASW, the result of first round is different from the results of other rounds, indicating the 8 potential risk for using ALDER with global references. In the estimations of the second and third round, 9
we found signals around 6 and 70 generations before present, and the signal around 70 generations should 1 0 be the false admixture signal caused by the remaining SLD, because iMAAPs only detected the signal 1 1 close to the 6 and the SLD was well reduced. And we found signals were close to 0 in all these three 1 2 rounds of estimation, which, as we suggested, should be interpreted as population substructure instead of 1 3 admixture time. We also ran iMAAPs in populations of MXL, Uygur, and MKK. We found MXL seems 1 4
to experience admixture at 7 generations ago. For the Uygur, the major admixture happened at about 33 1 5 generations ago.This date is a little ealier than the date with ALDER with three rounds, in which the most 1 6 significant admixture is around 40 generations ago. The difference is probably caused by the remaining 1 7
SLD with starting distance strategy. Both ALDER and iMAAPs confirmed the estimation that the 1 8 population MKK experienced multiple waves of admixture, which had been predicted in the work of Loh One of the fundamental idea in this algorithm is to take advantage of proper representative reference 2 1 populations to reduce the effect of SLD. Since using improper reference populations may bias the final 2 2 estimation, it is crucial to carefully select reference populations in empirical analysis. Another issue that 2 3
should be noticed is that this algorithm might give mulitple pulses of signals even though the true 2 4
population history was long-last conituous admixture ( Figure S5-8) . Nevertheless, this work built the 2 5 framework of weighted LD under two-way admixture and provided an alternative way to reduce the 2 6 effect of SLD in estimation of admixture time.
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